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We demonstrate that in a class of the U(1)′ extension of the Standard Model (SM), under which
all the Standard Model matter fields are uncharged and the additional neutral gauge boson Z′
couples to a set of heavy nonstandard fermions, dark matter (DM) production mediated by Z′ can
proceed through the generation of generalized Chern-Simons (GCS) couplings. The origin of the
GCS terms is intimately connected to the cancellation of gauge anomalies. We show that the DM
production cross section triggered by GCS couplings is sufficient even for an intermediate scale Z′
. A large range of DM and Z masses is then allowed for reasonably high reheating temperature
(TRH & 1010 GeV). This type of scenario opens up a new paradigm for unified models. We also
study the UV completion of such effective field theory constructions, augmenting it by a heavy
fermionic spectrum. The latter, when integrated out, generates the GCS-like terms and provides a
new portal to the dark sector. The presence of a number of derivative couplings in the GCS-like
operators induces a high temperature dependence to the DM production rate. The mechanism has
novel consequences and leads to a new reheating dependence of the relic abundance.
I. INTRODUCTION
In spite of a lot of speculations about its origin, dark
matter (DM) still remains an enigma, and the best we
can do is to assume that it has a particle physics ori-
gin in the domain of natural extensions of the Standard
Model (SM). However, the twin pressure of the clear ex-
istence of DM in the energy budget of the Universe [1]
and simultaneously the lack of any DM signal in direct
detection experiments XENON [2], LUX [3], and PAN-
DAX [4] pushes the limits on weakly interacting massive
particles (WIMPs) toward unnatural corners of the pa-
rameter space. The simplest extensions as Higgs portal
[5], Z-portal [6], or even Z ′ portal [7] are now severely
constrained (for a review on WIMP searches and sup-
porting models, see Ref. [8]). This scenario motivates
the assumption that the interactions between the dark
and visible sectors are even weaker, leading to an out-
of-equilibrium production of feebly interacting massive
particles (FIMPs) [9] (see Ref. [10] for a review). Al-
ternative generation mechanisms of a weakly interacting
dark sector by direct thermal production at the reheating
temperatures are discussed in Ref. [11].
On the other hand, theoretical considerations ranging
from neutrino mass generation mechanisms to grand uni-
fied theories (GUT), as well as inflation, reheating, lep-
togenesis, or Higgs stability, all hint toward the existence
of an intermediate scale between 1010 and 1016 GeV.
To interpret the absence of DM signals, instead of in-
voking unnaturally weak DM-SM couplings, one could
explain its secluded nature by suppressions arising from
the high-mass scale of the mediators involved in its inter-
action with the thermal bath. Concrete realizations for
the high-energy physics origin of the freeze-in mechanism
involve Planck suppressed portals that could be embed-
ded in quantum theories of gravity [12–14], the left-right
symmetric model [15] and Z ′ mediators in the SO(10)
framework [16, 17].
In usual Z ′-mediated constructions, the SM particles are
charged under the new gauge group U(1)′. An interest-
ing question, therefore, is to ask if the DM production
processes are still efficient even if the SM is uncharged
under U(1)′. To generate the effective interaction of the
associated gauge boson Z ′ with the SM fields, we would
need a set of nonstandard fermions charged under U(1)′
as well as under the SM gauge group(s). Such set-up is
quite common in string constructions, or in E6 models.
In this case, effective interactions of the type represented
by the Lagrangian
L ⊃ λ µνρσZ ′µAνFρσ , (1)
where Fρσ = ∂ρAσ − ∂σAρ, arise from diagrams lead-
ing to anomalies (a` la Green-Schwarz in string models or
Peccei-Quinn in the presence of axionic couplings). The
gauge boson A in the above expression may be the SM
hypercharge gauge boson or could even be any other non-
standard U(1) gauge boson.
Such terms, characterized by the presence of three gauge
bosons and one derivative, are dubbed generalized Chern-
Simons (GCS) terms [18] (see also Ref. [19] for a general
discussion of anomaly-free Z ′ models). This operator can
be generated at the dimension-4 level as a low-energy ef-
fective term by integrating out a set of heavy fermions.
The effective coupling λ is independent of the heavy
fermion masses, and hence its effect does not decouple
by increasing those fermion masses. The underlying dy-
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2namics behind this apparent nondecoupling is that this
term is gauge noninvariant, but its gauge variation can-
cels some triangle anomalies from some lighter fermions
still persisting in the theory. On the other hand, when
we integrate out a complete anomaly-free set of heavy
fermions having couplings with Z ′ and A, similar but
higher-dimensional terms with three gauge bosons and
more derivatives are generated, albeit suppressed by the
heavy fermion mass scale. We will indistinctly refer to
those also as GCS terms as in Eq. (1). Such terms have
already been studied as a connection between the SM
field content and dark sectors in thermal [20] and non-
thermal [21] dark matter production mechanisms.
Now, let us suppose that Z ′ couples to our DM candi-
date, leaving open the possibilities that this candidate
could be a fermion or a vectorial boson (Abelian or non-
Abelian). If the DM is a vectorial boson, we also assume
that it couples to Z ′ through GCS interactions gener-
ated possibly by a different set of heavy fermions. Notice
that, even if the SM matter fields are not charged under
U(1)′, Z ′ would still be produced in the early Universe
through the freeze-in mechanism [9], thanks to the GCS
terms, which would then decay to DM particle χ : (SM)
(SM) → Z ′ → χχ. However, the DM production rate
is doubly suppressed, both by the mass scale of heavy
fermions in loop generating the GCS couplings as well as
by the mass of the virtual Z ′ exchanged in the process. In
fact, through a large temperature dependence, this rate
is highly sensitive to the reheating phase, especially when
considered noninstantaneous, as shown in Refs. [22, 23]
(and Ref. [24] for gravitino dark matter). Moreover, al-
lowing for vectorial dark matter (Abelian or non-Abelian)
brings in higher-derivative couplings in the GCS opera-
tors, thereby inducing a significantly high temperature
sensitivity to the DM production rate.
The paper is organized as follows. We first describe the
model under consideration. Then, we compute the relic
abundance from the freeze-in process in the early ther-
mal bath, taking into account noninstantaneous reheat-
ing. We then construct models for UV completion that
would naturally lead to our framework. We finally con-
clude, highlighting the new aspects that emerged from
our analysis.
II. OUR MODEL
The two portals that connect the DM to the SM sector
are (i) a Z ′ gauge boson of the U(1)′ group and (ii)
a set of heavy fermions charged under U(1)′ as well as
the SM gauge group(s). Depending on the nature of the
couplings of those heavy fermions with the SM gauge
bosons and the Z ′, three possibilities emerge
• The heavy fermions are vectorlike with respect to
SM gauge bosons as well as U(1)′. In this case,
no GCS terms are generated, as in the absence of
chiral couplings, any potential operator that con-
tains three gauge bosons (and derivatives) vanishes
identically [25].
• The heavy fermions are chiral under U(1)′ but do
not form an anomaly-free set. Then, GCS terms
at dimension-4 level are generated in the effective
action of which the gauge variations exactly cancel
the anomaly [18], yielding
L = α θ′Tr[F SMF SM] + β µνρσZ ′µASMν F SMρσ , (2)
with ASM and F SM being the hypercharge SM gauge
boson and associated field strength, respectively,
and θ′ being the would-be Goldstone boson of
U(1)′. Notice the absence of any suppression com-
ing from the masses of heavy fermions (generically
denoted by M) that are integrated out in generat-
ing the effective couplings α and β. This appar-
ent nondecoupling signifies that the set-up is not
anomaly free. These constructions are common in
string-inspired models (Green-Schwarz mechanism)
and lead to interesting phenomenological conse-
quences (e.g., advocated to justify monochromatic
spectral lines originating from the dark sector [26]).
• The heavy fermions form an anomaly-free set.
They are chiral under U(1)′ but vectorlike with re-
spect to the SM gauge group. In this case, sev-
eral gauge-invariant combinations can be written.
The complete list can be found in Ref. [25]. How-
ever, a lot of them1 either are not generated by
triangle loops or vanish when the SM gauge bosons
are on shell. In the limit where the field Φ that
breaks the extra U(1)′ is much heavier than its vac-
uum expectation value (VEV), V , which controls
the Z ′ mass, the effective theory exhibits only the
axionic (longitudinal) component (a) of the field
as Φ = V+φ√
2
exp(ia/V ). Defining the dimension-
less axion θ′ ≡ aV , the only relevant coupling can
then be extracted [25] from a gauge invariant La-
grangian, given by
L = 1
M2
∂αDαθ′ µνρσTr[F SMµν F SMρσ ] + V 2|Dθ′|2 (3)
with Dαθ′ ≡ ∂αθ′ − g˜2Z ′α, g˜ being the gauge cou-
pling associated to the extra U(1)′. Throughout
1 For instance, terms of the type (1/M2)µνρσZ′µ(H†DνH)FSMρσ
do not contribute to CS-like couplings above the electroweak
phase transition.
3the present work, we shall consider this particular
set-up, even if our results can be applied to a gen-
eral class of GCS couplings just by a redefinition of
parameters.
In the unitary gauge, the term related to the Z ′-SM-SM
vertex can be extracted from Eq. (3) as
L = g˜
M2
∂αZ ′α
µνρσ∂µA
a
ν∂ρA
a
σ , (4)
where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4) and define 1Λ2 ≡ g˜M2 ,
as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [25]
Leff = 1
Λ2
∂αZ ′α
µνρσTr[GaµνG
a
ρσ] + LiDM , (5)
where LiDM represents the interactions between the Z ′
and the DM candidate, which can be fermionic (χ), or
vectorial of Abelian (X1) or non-Abelian (XN ) types.
The respective Lagrangians are given by3
LχDM = α χ¯γµγ5χZ ′µ, (6)
LX1DM = β µνρσZ ′µXν1Xρσ1 , (7)
and
LXNDM = γ ∂αZ ′αµνρσTr[XµνN XρσN ]. (8)
III. RESULTS
The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation
dnDM
dt
= −3H(T )nDM +R(T ), (9)
whereH (T ) is the Hubble expansion rate and R(T ) is the
temperature-dependent interaction rate. In the regime
in which the abundance of dark matter is much smaller
2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type δ Z′µνBµν can be avoided.
Effects of such mixing have been extensively studied in the liter-
ature [27]
3 Only axial coupling is present for the fermionic dark matter.
The derivative ∂α before Z′α in Eq. (4) ensures that the vector
coupling does not contribute in a GG→ χχ process.
than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.
FIG. 1: Production of dark matter through gluon fusion in
the early Universe
In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 → 3 + 4 process, the
rate can be written as R(T ) = n2sm〈σv〉, where nsm is
the number density of the SM species and 〈σv〉 is the
thermal averaged production cross section. For a dark
matter particle i, the rate reads
R(T ) =
∫
f1f2
E1E2dE1dE2 d cos θ12
1024pi6
∫
|M|2idΩ13 ,
(10)
with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, θ12 as the angle be-
tween them, and dΩ13 as the solid angle between particles
1 and 3.
For the fermionic dark matter case,∫
|M|2χ dΩ13 = 210pi
α2
Λ4
m2χ
M4
Z′
s3(s−M2
Z′)
2
(s−M2
Z′)
2 +M2
Z′Γ
2
Z′
≈ 210pi α
2
Λ4
m2χ
M4
Z′
s3
(11)
For the Abelian dark matter case,∫
|M|2X1 dΩ13 = 210pi
β2
Λ4
s3
M4
Z′
(s− 4m2X1)(s−M2Z′)2
(s−M2
Z′)
2 +M2
Z′Γ
2
Z′
≈ 210pi β
2
Λ4
1
M4
Z′
s4
(12)
For the non-Abelian dark matter case,∫
|M|2XNdΩ13 = 212pi
γ2
Λ4
s5
M4
Z′
(s− 4m2XN )(s−M2Z′)2
(s−M2
Z′)
2 +M2
Z′Γ
2
Z′
≈ 212pi γ
2
Λ4
1
M4
Z′
s6
(13)
4 The correct amount of dark matter is generated in a regime in
which nDM  nSM, since Ω
0
DMh
2
0.12
∼ YDM
10−10
mDM
GeV
and YDM ∝
nDM/nSM.
4Above, ΓZ′ is the total width of Z
′ (see the Appendix
for details); s is the center-of-mass energy squared; and
mχ,mX1 ,mXN , and MZ′ are the three types of dark mat-
ter and Z ′ masses, respectively. Note that we recover the
Landau-Yang effect in the above expressions, though the
pole enhancement studied in Ref. [12] is not present in
our case. Note also that the vectorial nature of the me-
diator has specific characteristics that we do not observe
for other type of mediators. Importantly, we notice that
once the pole is reached (s = M2
Z′), the production rate
vanishes exactly – see Eqs. (11), (12), and (13). This
is expected following the Landau-Yang theorem, which
states that a massive spin-1 particle cannot decay into
two massless spin-1 fields. This behavior is opposite of
the traditional freeze-in scenario in which, on the con-
trary, the majority of dark matter is produced when
the temperature of the thermal bath reaches T ∼ MZ′
[12, 28].
We have integrated numerically the production rate,
Eq. (10), considering the Bose-Einstein distributions of
the gluons and the exact squared amplitudes of our
three dark matter candidates. Our result is depicted in
Fig.2.
We can obtain analytical approximations for the rates by
assuming ΓZ′ MZ′ and m2DM  s:
R(T ) ≈

2× 102 α
2
Λ4
m2χ
M4
Z′
T 10 (fermionic DM)
104
β2
Λ4M4
Z′
T 12 (Abelian DM)
2× 109 γ
2
Λ4M4Z′
T 16 (non-Abelian DM)
(14)
We also show in Fig. 2 our approximate solutions. In the
inset of the figure, we show when they depart from the
exact solutions. We can distinguish two regimes in which
the approximations fail. First, let us consider when the
temperature of the thermal bath is close to the mediator
mass. In this case, the exact solutions are smaller than
the approximate results as an effect of the nonvanish-
ing mediator decay width. Even though the departure
from approximations is small in this case, it carries a
special feature of our set-up, emerging from the conse-
quence of the Landau-Yang theorem in a thermal bath
of gluons. The significant departure from approximations
occurs at large x ≡MZ′/T , due to a threshold effect, as
for T  mDM the production rate is exponentially sup-
pressed because only the high-energy tail of the initial
states distribution function have sufficient energy to pro-
duce a DM pair, an effect that is not encapsulated in the
analytical approximations.
Another typical characteristic of a longitudinal (“would-
be Goldstone”) mediator appears in the generic expres-
FIG. 2: Rates for the fermionic, Abelian and non-Abelian
DM (orange, green and blue lines, respectively). Solid lines
represent the exact numerical computation while dashed lines
represent the approximated results based on Eqs. (14). We
fix Nψ = Qψ = 1 and mψ = 0.4 MZ′ and TMAX = 100 TRH
for illustrative purposes.
sion for the rate. Indeed, the “light” mediator regime
(MZ′  TRH), and the “heavy” mediator regime (MZ′ 
TRH) give the same dependence of the rate R(T ) on MZ′ ,
and thus on temperature for a given nature of dark mat-
ter, as one can see from the Eq. (14) and Fig. 2. In fact,
there exists only one main regime, independent of the
mass of the Z ′ mediator5 for which the slope of the rate
is constant until T ∼ mDM.
This can be understood by noting that only the longitu-
dinal mode of Z ′ is exchanged, and hence it cannot feel
any pole effect. The longitudinal component has its ori-
gin in the Goldstone mode of a nonlinear sigma model.
The behavior of the amplitude squared is dominated by
a term proportional to powers of 1/MZ′ . This happens
because the Goldstone, which is the dominant mode ex-
changed in the DM production process, carries the 1/V
factor arising from U(1)′ breaking. This is similar to the
gravitino production in supergravity in which the longi-
tudinal mode, carrying a factor 1/m3/2 (m3/2 being the
gravitino mass), is generated in a high-scale supersym-
metric scenario as was shown in Ref. [24].
5 This is in contrast with what has been observed in [12] for spin-2
mediator.
5Dark matter freeze-in
For instantaneous reheating, the Universe is domi-
nated by radiation and entropy is conserved. In this
case,
d
dt
= −H(T )T d
dT
, with H(T ) =
√
ge
90
pi
T 2
MP
(15)
and Eq. (9) can be put in the familiar form
dY
dT
= − R(T )
H T s
, for T < TRH (16)
where Y = ns is the dark matter yield, s =
2pi2
45 gsT
3 is the
entropy density of the thermal bath with ge,s the energy
and entropy density degrees of freedom, and MP ≈ 2.4×
1018 GeV is the reduced Planck mass.
However, once we consider noninstantaneous reheating,
dark matter can be produced before the end of reheat-
ing. Indeed, as was shown in Refs. [22, 23], a rate with
a dependence R(T ) ∝ Tn for n ≥ 12 enhances dras-
tically the dark matter production before TRH if the
reheating is considered as noninstantaneous. For in-
stance, for n = 12, the ratio of the relic abundance
computed with the noninstantaneous reheating hypoth-
esis (Ωh2) to the one with the instantaneous reheating
hypothesis (Ωh2RH) is Ωh
2/Ωh2RH ' 0.4 ×
55
6
ln
(
TMAX
TRH
)
(where TMAX is the maximum temperature produced
in the reheating process), whereas Ωh2/Ωh2RH ' 0.4 ×
8
5
(
n− 5
n− 12
)(
TMAX
TRH
)n−12
for n > 12 and Ωh2/Ωh2RH ∼ 2
for n = 10. These ratios can be seen as “boost fac-
tors” from the reheating process and will be called BnF ≡
Ωh2/Ωh2RH from now on. After integrating Eq. (16) from
TMAX until the present day, we deduce the parameter
space leading to the relic abundance
Ωh2
0.12
≈

(
B10F
2
)(α
1
)2( mχ
6× 1010 GeV
)3(
1014 GeV
MZ′
)4(
1016 GeV
Λ
)4(
TRH
1012 GeV
)5
(
B12F
21
)(
β
10−5
)2 ( mX1
109 GeV
)(1014 GeV
MZ′
)4(
1016 GeV
Λ
)4(
TRH
1013 GeV
)7
(
B16F
1.76× 108
)(
mXN
2× 109 GeV
)(
1014 GeV
MZ′
)4(
1016 GeV
Λ
)8(
TRH
1012 GeV
)11
(17)
where we set γ = 1/Λ2, and we consider SU(2) as gauge
group for the non-Abelian dark matter case.
Our results are summarized in Fig. 3, in which we
plotted the parameter space allowed by the cosmologi-
cal constraints in the plane (mDM,Λ) for the three na-
tures of dark matter considered in this work and for
TRH = 10
10 GeV and TMAX = 100 TRH. To compute
the relic abundance numerically, we did not assume in-
stantaneous reheating. Instead, using the method devel-
oped in Ref. [23], we assumed that an inflaton φ decays
into radiation with a rate Γφ and that the DM particles
are created and annihilated into radiation of density ρR
with a thermal-averaged cross section times velocity 〈σv〉.
The corresponding energy and number densities satisfy
the differential equations [22, 29]
dnDM
dt
= −3H nDM − 〈σv〉
[
n2DM − (neqDM)2
]
,
dρR
dt
= −4H ρR + Γφ ρφ + 2〈σv〉〈EDM〉
[
n2DM − (neqDM)2
]
,
dρφ
dt
= −3H ρφ − Γφ ρφ , (18)
with 〈EDM〉 the mean energy of the dark matter. The
Hubble expansion parameter H is given by H2 =
1
3M2P
(ρφ+ρR+ρDM), and its dependence in temperature is
quite complex between TMAX and TRH because of the com-
position of the Universe (mixed between a decaying in-
flaton compensated by an increasing radiation6).
We can see that our analytical expressions in Eq. (17)
give an impressively good approximation. Indeed, the
right amount of relic abundance [1] is obtained (in the
fermionic case) for mχ = 10
6 GeV, TRH = 10
10 GeV,
MZ′ = 10
11 GeV, and Λ ' 8 × 1012 GeV, in perfect
agreement with Fig. 3. The slopes of the curves depicted
in Fig. 3 correspond also perfectly with the ones pre-
dicted by our analytical solution in Eq. (17): it follows
a line Λ ∝ m3/4DM (m1/4DM , m1/8DM ) for fermionic (Abelian,
non-Abelian) for mDM < TMAX.
Without entering too much into detail, there is an in-
6 We have defined TRH as the temperature in a radiation-
dominated Universe after the inflaton decay, Γφ = H(TRH)
6104 106 108 1010 1012 1014
mDM [GeV]
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n
MZ ′ = 10
11 GeV, α = 1, β = 10−4, γ = 1/Λ2
FIG. 3: Relic density curves for the fermionic (orange
dashed line), Abelian (green dashed line) and non-Abelian
(blue dashed line) dark matter.
teresting feature in the change of slope between TRH and
TMAX in the fermionic dark matter case. This is a novel
feature that was not treated in Ref. [23] nor Ref. [12].
Indeed, in the case in which dark matter is heavier than
TRH, there is still a possibility to produce it as long as
mDM . TMAX. If the temperature dependence of the rate
is small enough (fermionic case), most of the DM density
is produced at the lowest scale available, and we notice a
change of slope in the curve giving the correct relic den-
sity. It is worth commenting that, due to statistical dis-
tribution, the production rate does not vanish completely
when T . mDM, which explains why the DM production
window is still open when mDM > TMAX
7. Therefore, in
this regime, a small effective scale Λ is required to com-
pensate the thermal suppression of the rate, as one can
see in Fig.3.
Moreover, a quick look at Fig.3 shows to what extent the
allowed parameter space is technically natural. Indeed,
for a very large range of the DM mass, from O(TeV)
to TRH, values of the beyond SM scale Λ range from
TRH to GUT/string scale and can still populate the Uni-
verse with the correct relic abundance. This means that
the heavy spectrum of masses above the reheating tem-
perature TRH generates naturally small couplings of an
invisible Z ′ to the SM bath to satisfy the cosmologi-
cal constraints through the freeze-in process. This con-
stitutes one of the most important observations of our
work.
7 The corresponding region of parameter space as shown in Fig. 3
is quantitatively less precise as the EFT approach becomes less
reliable.
FIG. 4: Triangle diagram containing heavy chiral fermions
Ψi (left panel) and the resulting effective vertex at low
energy (right panel).
IV. TOWARD A MICROSCOPIC APPROACH
As mentioned earlier, we consider processes happening at
a temperature below the U(1)′ phase transition scale. We
have also assumed that the radial component of the com-
plex scalar that breaks U(1)′ is way too heavy compared
to the corresponding VEV (V ). Then, Z ′ is primarily
longitudinal absorbing the axion field (a), and the effec-
tive Lagrangian containing Z ′ realizes the gauge symme-
try nonlinearly a` la Stueckelberg. Now, we attempt to
look deep inside the effective GCS vertices searching for
microscopic details. Importantly, the masses of the loop
fermions (Ψ) generating the GCS couplings, as shown in
Fig. 4, must be invariant both under the SM and the
U(1)′ gauge symmetries to ensure that the induced low-
energy GCS operators are gauge invariant. One can, in
fact, write the microscopic (gauge-invariant) Lagrangian
introducing pairs of heavy fermions (Ψ) that are vector-
like with respect to the SM group, but necessarily chiral
under U(1)′. This generates the effective Lagrangian (5)
at energies below the U(1)′ breaking scale,
L =LSM + 1
2
(∂µa−MZ′Z ′µ)2 −Mi Ψ
i
Le
i(qL−qR) aV ΨiR
+ iΨ
i
Lγ
µ(∂µ − i g˜
2
qiLZ
′
µ)Ψ
i
L + iΨ
i
Rγ
µ(∂µ − i g˜
2
qiRZ
′
µ)Ψ
i
R
(19)
which is manifestly invariant under the (nonlinear) U(1)′
transformation of parameter α,
ΨiR → ΨiRei
g˜
2 qRα ; ΨiL → ΨiLei
g˜
2 qLα
Z ′µ → Z ′µ + ∂µα ; a→ a+
g˜
2
V α ≡ a+MZ′ α
From the Lagrangian in Eq. (19), we compute the tri-
angle loops shown in Fig. 4 and integrate out the heavy
fermions. We then obtain the same effective Lagrangian
as in Eq. (5), but now we can express the effective cou-
pling of the dimension-6 Lagrangian in terms of the pa-
rameters of the microscopical theory. In agreement with
Ref. [25], we obtain
Lloop = 1
Λ2loop
∂αZ ′α
µνρσTr[GaµνG
a
ρσ], (20)
7with
1
Λ2loop
=
g23 g˜
96pi2
∑
i
qiL − qiR
M2Ψi
Tr[T aT a]. (21)
Defining for simplicity
∑
i
qiL−qiR
M2Ψi
Tr[T aT a] = NΨQΨ
M2Ψ
(which corresponds to a set of NΨ fermions of effec-
tive charges QΨ and masses MΨ) we obtain Λloop '
50√
NΨQΨ
MΨ√
g˜
8. We can now reexpress the production rates
in Eqs. (14) in terms of the fundamental parameters of
the microscopic theory. For the fermionic dark matter
case, we then have
R(T ) ' 5× 10−4
(
α NΨQΨ
y2Ψg˜
)2 m2χ
V 8
T 10 (22)
where we defined MΨ = yΨV and MZ′ =
g˜
2V . Solving
Eq. (16) gives (with all mass dimensional parameters in
GeV units)
Ωh2
0.12
'
(
B10F
2
)(
αNΨQΨ
g˜y2Ψ
)2 ( mχ
1010
)3(TRH
1012
)5(
1014
V
)8
.
(23)
We could keep V as a free fundamental parameter of
the model, which is determined by the potential of the
Higgs responsible for the extra U(1)′ breaking. However,
to be more complete, we investigated UV scenarios in
which V is determined as an intermediate scale by the
unification condition of the gauge coupling constants, in
SO(10) GUT constructions (as an example).
Indeed, in such set-ups, the SO(10) group is not directly
broken into the SM in one step but goes through an
intermediate gauge group Gint like SO(10) → Gint →
SU(3)c × SU(2)L × U(1)Y . The scale Mint at which
the intermediate gauge group is broken is fixed by the
unification condition g1 = g2 = g3 at a higher unified
scale. It was shown in Refs. [16] (at one loop) and [17]
(at two loops) that V = Mint can range from 10
9 to
1015 GeV depending on Gint and the representation in
which the Higgs field responsible for Gint breaking lies.
We show in Fig. 5 the parameter space providing the
correct relic density for our fermionic dark matter can-
didate in several intermediate scenarios. Here, we take
V = MΨ = Mint, which is a reasonable approximation.
The numerical results, obtained by solving the complete
set of Boltzmann equations, Eq. (18), and numerical in-
tegration of the rate, Eq. (10), are in perfect agreement
with our analytical solution Eq. (23).
We observe that in these unified scenarios DM density
corresponding to the Planck measurements [1] can be di-
rectly produced from annihilation of SM particles even if
8 We take the SM expected value of g3 at 1012 GeV.
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FIG. 5: Relic density curves for the fermionic DM case in
several SO(10) breaking schemes and for different
representations [r] for the Higgs field responsible for
intermediate scale breaking. We take NΨ = QΨ = yΨ = 1 for
illustrative purposes.
the mediator Z ′ is extremely heavy with no SM particles
charged under the extra U(1)′. The effective couplings of
the thermal bath to Z ′ are being generated through the
GCS interactions.
Figure 5 highlights the natural relation between the pa-
rameters of the theory Mint ∼ TMAX ∼ 102 TRH ∼
102 mDM corresponding to the correct DM relic abun-
dance. Therefore, the intermediate scale in such unified
constructions could be closely related to the inflaton mass
as one expects it to be of the order of the maximum tem-
perature reached by the SM thermal bath. The large
hierarchy between these scales and the SM electroweak
VEV naturally provides the suppressed DM-SM effective
coupling required to produce the correct DM density non-
thermally via the freeze-in mechanism.
Though the heavy colored fermions Ψ are cosmologically
stable, their very small number density owing to their
heaviness (∼ 1014 GeV) keeps them hidden as benign9.
In principle, these states contribute to the running of g3,
but they are kicked into life so late that the nonstandard
modification of running during the remaining phase up
to the GUT scale is inconsequential.
If, however, the Ψ states additionally have SM hyper-
charge, there is a nontrivial twist. Through loop con-
tributions, they would induce a kinetic mixing term like
δBµνZ ′µν , which would ascribe the kinetically diagonal
Z ′ with a small, proportional to δ, coupling with the SM
fermion f . This would allow the direct s-channel pro-
duction of DM from f annihilation as follows: f¯ + f →
9 For a discussion of the possibility of the DM as a colored com-
posite object of mass ∼ 10 TeV reproducing the relic abundance,
see a recent analysis [30], and also an older one [31].
8Z ′ → DM + DM. Note that the natural size of δ is a
loop factor times a logarithm of the ratio of two scales,
so δ ∼ 10−4 is a representative number. If MZ′ < TMAX,
then through Z ′, the DM would obviously be in thermal
equilibrium with the SM. But this does not constitute
the FIMP or freeze-in scenario we are pursuing here. On
the other hand, if MZ′ > TMAX, the above-mentioned
tree-level s-channel annihilation, as shown in [16], would
be the dominating process. The GCS coupling-induced
process we advocated in this paper would then be a sub-
leading one. The importance of our analysis lies in the
fact that even if the heavy Ψ states do not carry the SM
hypercharge and the kinetic mixing is absent, the novel
mechanism triggered by the GCS interaction can still ex-
plain the relic DM abundance albeit for an inaccessibly
high-mass range of both the DM and its portals.
V. CONCLUSION
We have shown that a dark (very) massive Z ′, not
charged under the SM gauge group, can successfully play
the role of a mediator between the visible and the dark
sectors even if the corresponding U(1)′ breaking scale
lies far above the maximum temperature of the Uni-
verse. Pair annihilation of SM gauge bosons, proceeding
through triangle loops containing heavy fermions through
this Z ′ portal, can produce a cosmologically agreeable
amount of DM. These types of effective couplings be-
tween the SM gauge bosons and Z ′ find inherent justifi-
cation in an anomaly-free set-up in which Chern-Simons
(more precisely, the GCS type discussed in the begin-
ning) terms are generated through the anomaly cancel-
lation mechanism.
The large effective scale of the GCS operators is respon-
sible for the weakness of the DM-SM interaction strength
without invoking unnaturally small couplings as is often
required in the context of freeze-in. The large depen-
dence of the production rate on temperature indicates
that the majority of DM is produced during the initial
moments of reheating. Subsequently, the reheating pro-
cess itself lends important consequences to the compu-
tation of DM production. Moreover, the assertion that
the U(1)′ breaking scale lies far above the reheating tem-
perature implies that only the longitudinal mode (axion
a` la the Stueckelberg formalism) of the Z ′ contributes
to the production process, rendering its phenomenology
very particular in comparison with other type of medi-
ators. The prominence of the longitudinal mode is also
consistent with how Z ′ is coupled via GCS interaction.
Such a scenario can be embedded in a unified SO(10)
framework in which the Z ′ mass scale represents an in-
termediate breaking stage of SO(10).
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APPENDIX
NONINSTANTANEOUS REHEATING:
ANALYTICAL ESTIMATIONS
As the reheating is not an instantaneous process, the
inflaton dominates the energy density of the Universe at
some stage and we have a different relation between time
and temperature [22] 10
d
dt
= −3
8
H(T )T
d
dT
, with H(T ) =
d
c
√
5g2e
72gRH
pi
T 4
T 2RHMP
,
(24)
with gRH = ge(TRH).
We emphasize that while the inflaton dominates, we have
T ∝ a−3/8 instead of a−1 as in the radiation-dominated
era, with a the expansion scale factor.
It is convenient to define the dimensionless quantity
Nφ ≡ ρφ/TRHa3 [22], with ρφ the energy density of the
inflaton field. It remains constant before the end of re-
heating, with a value given by 11 N Iφ ∝ (TMAXTRH )8.
We notice that, by using Eq. (24), Eq. (9) can be put in
10 The numerical factors c and d are related to the convention
chosen in the definition of reheating temperature: tφ =
c
Γφ
is the time of inflaton decay completion and tH =
d
H
is the
Hubble time. The reheating temperature is defined such that
Γφ =
c
d
H(TRH).
11 We have N Iφ ≡ b−82
g2MAX
gRH
(TMAX
TRH
)8, with b2 =
(
311/1051/2
223/10pi
c
d
)1/4
and gMAX = ge(TMAX).
9the form
dYID
dT
= −8
3
R(T )
H T 
, for TRH < T < TMAX (25)
where the yield in the inflaton-dominated era is defined
as the dimensionless and comoving parameter YID ≡ n/
and  is defined as
 ≡ N Iφa−3 =
5d2g2e
96c2gRHT 5RH
T 8. (26)
By solving Eq. (25), we can find the contribution of the
noninstantaneous heating process to the relic density and
define the boost factor discussed in Sec. III.
DECAY WIDTH
We present the decay width used in the computation of
the production rate. Allowing the Z ′ to decay into Nψ
dark heavy fermions ψ (with only vectorial coupling) of
charge Qψ and mass mψ, the total decay width is given
by
ΓZ′ =
MZ′
12pi
NψQ
2
ψ
√
1− 4m
2
ψ
M2
Z′
(
1 +
2m2ψ
M2
Z′
)
+ ΓZ′→DM,
(27)
where
ΓZ′→DM =
MZ′
12pi
×

α2
(
1− 4m
2
χ
M2
Z′
)3/2
(fermionic DM)
β2
2
M2
Z′
m2X1
(
1− 4m
2
X1
M2
Z′
)5/2
(Abelian DM)
0 (non-Abelian DM)
(28)
The decay width of Z ′ into non-Abelian DM vanishes
identically because of the nature of the coupling.
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